Abstract UCP3's exact physiological function in lipid handling in skeletal and cardiac muscle remains unknown. Interestingly, etomoxir, a fat oxidation inhibitor and strong inducer of UCP3, is proposed for treating both diabetes and heart failure. We hypothesize that the upregulation of UCP3 upon etomoxir serves to protect mitochondria against lipotoxicity. To evaluate UCP3's role in skeletal muscle (skm) and heart under lipid-challenged conditions, the effect of UCP3 ablation was examined in a state of dysbalance between fat availability and oxidative capacity.
Introduction
The inner mitochondrial membrane uncoupling proteins (UCPs) are suggested to regulate the proton gradient over the inner mitochondrial membrane, thereby regulating mitochondrial ATP production and/or mitochondrial reactive oxygen species production [4, 9] . Despite its homology to the well-characterized brown adipose tissue-specific UCP1, the exact mechanism and physiological function for the skeletal and cardiac muscle variant UCP3 have not been revealed. UCP3 has been closely tied to fatty acid metabolism, as UCP3 expression is downregulated when fatty acid oxidation is improved, such as following endurance training [33, 38] or (pharmacologically induced) weight reduction [19] . Conversely, UCP3 levels are upregulated when the fatty acid supply exceeds oxidation, e.g., upon a high-fat (HF) diet [46] , lipid infusion [11] , fasting [18] , or upon pharmacological inhibition of fat oxidation by etomoxir [35, 36] .
UCP3 is mainly expressed in skeletal and cardiac muscle. It has been shown that UCP3 is reduced by 50 % in skeletal muscle (skm) of obese type 2 diabetes patients [13, 34] , who often exhibit mitochondrial dysfunction, lipotoxicity and elevated oxidative stress [4, 5] . In contrast, UCP3 expression is markedly increased in cardiac tissue of human heart failure patients [21] . Using transgenic animal models, it was recently shown that UCP3 might affect cardiac energy efficiency under high-fat conditions [2] , suggesting that elevated UCP3 levels result in energy deficiency that is characteristic for heart failure. However, the potential role of UCP3 in skeletal and cardiac muscle is still under debate.
One of the strongest inductions of UCP3 can be achieved by the pharmacological inhibition of fat oxidation with etomoxir, both in humans and rodents [35, 36] . This compound is able to reduce the mitochondrial entry of long chain fatty acids via irreversible inhibition of carnitine palmitoyl transferase-1 (CPT1), thereby inhibiting mitochondrial lipid oxidation and forcing increased glucose oxidation [15] . Etomoxir, or CPT1 inhibition, in general, has been proposed as a therapeutic target for the treatment of heart failure [16, 42] , since a shift towards glucose oxidation may improve cardiac energy efficiency [15] . In addition, inhibiting fatty acid oxidation to force glucose oxidation has been suggested to improve skm insulin resistance [16, 40] . We have previously hypothesized that the strong induction of UCP3 upon the inhibition of fat oxidation serves to prevent lipotoxicity, however, experimental data so far are lacking.
To clarify the role of UCP3 during lipid-challenged conditions, we investigated the effect of etomoxir administration on skeletal and cardiac muscle energy and lipid metabolism in UCP3 knockout mice (UCP3 -/-) and wild type (WT) littermates. Our data suggest that there was no significant role for skm UCP3 in protection against lipid-induced mitochondrial dysfunction. However, cardiac UCP3 was crucial to maintain cardiac function under these lipid-challenged conditions, and absence of UCP3 under these conditions markedly enhanced the risk of sudden cardiac death.
Materials and methods

Animals Male UCP3
-/-and WT C57Bl/6 control mice (n = 7-8 per group, unless otherwise stated, age 14-15 weeks) received a 45 % HF diet for a period of 14 days. At day 6 of the dietary intervention, both mice strains were randomly divided into two groups: (1) etomoxir, or (2) saline. During the remaining 8 days of the dietary intervention, animals received a daily dose of either etomoxir (experimental groups; 20 mg/kg body weight, dissolved in 0.9 % NaCl (w/v), as previously used by Luiken et al. [17] ) or saline (control groups; 0.9 % NaCl) via intraperitoneal (i.p.) injections. The last injection was administered 24 h before sacrificing the animals. All experiments were approved by the Institutional Animal Care and Use Committee of Maastricht University and Baylor College of Medicine and complied with the principles of laboratory animal care. A detailed description of all procedures can be found in the Online Data Supplement.
Results
Lack of UCP3 in relation to skeletal muscle lipotoxicity
To determine the effect of UCP3 ablation on skm lipotoxicity WT and UCP3 -/-mice were fed a HF diet for 14 days, and exposed to either saline or etomoxir for 8 days starting at day 6 of the dietary intervention. Body weight (*27 g) was similar between animal groups, both at the start and at the end of the saline or etomoxir treatment (Table 1 supplemental). UCP3 protein was not detected in skm of UCP3
-/-mice, regardless of the etomoxir intervention (Fig. 1a) , confirming their genotype. Additionally, UCP2 protein levels were measured and appeared to be similar in all experimental groups, thus no compensatory upregulation of UCP2 protein expression was found (genotype effect: P = 0.443; etomoxir effect: P = 0.622; genotype 9 etomoxir effect: P = 0.669) (Figure 1 supplemental) . In WT mice, etomoxir treatment resulted in a *threefold increase in skm UCP3 protein levels ( Fig. 1a , P = 0.01).
No differences were detected in the protein levels of any of the complexes of the electron transport chain among the groups studied (Table 2 supplemental), implying similar mitochondrial densities in skm of these animals. Also no changes were found in the protein content of the adenine nucleotide transporter (ANT), which has been suggested to be involved in mitochondrial uncoupling (Fig. 1b) . A trend towards increased ANT levels in WT mice upon etomoxir compared with saline was observed, but this did not reach statistical significance (P = 0.07). Etomoxir inhibits the transport of lipids into mitochondria, and hence the mitochondrial fatty acid oxidation. Increased amounts of intramyocellular lipid (IMCL), e.g., when lipid supply exceeds oxidation, are associated with upregulated UCP3 levels. Therefore, we measured IMCL content. Etomoxir treatment resulted in *fourfold higher lipid accumulation within the tibialis anterior muscle (Fig. 1c , P \ 0.01), but no effect due to lack of UCP3, or genotype 9 intervention interaction was found. These data imply that UCP3 does not influence IMCL accumulation under lipid-challenged conditions. Additionally, no effect was found on levels of DAG (genotype effect: P = 0.172; etomoxir effect: P = 0.748; genotype 9 etomoxir effect: P = 0.650) or cholesterol (genotype effect: P = 0.371; etomoxir effect: P = 0.736; genotype 9 etomoxir effect: P = 0.586) levels in quadriceps muscle, whereas MAG levels were undetectable (Figure 2 supplemental) .
To determine whether UCP3 could lower oxidative stress in skm, we measured 4-HNE lipid peroxidation products (Fig. 1d) . Quantification of lipid peroxidation product levels revealed increased oxidative damage upon etomoxir treatment (P \ 0.01), but no genotype or genotype 9 intervention interaction effects were found (Fig. 1d) , implying that UCP3 does not lower oxidative damage under lipid-challenged conditions. Skeletal muscle mitochondrial oxidative capacity Next, we measured mitochondrial respiration in isolated skm mitochondria. Consistent with an inhibitory effect of etomoxir on CPT1, the etomoxir intervention resulted in a 53 % lower ADP-driven (state 3) respiration (P \ 0.01) and 57 % lower uncoupled respiration (state U) (P \ 0.01), upon palmitoyl-CoA ? carnitine, without a genotype effect (Fig. 2a) . Interestingly, when using palmitoyl-carnitine as a fatty acid substrate, without requirement of CPT1, etomoxir resulted in a 23 % higher ADP-driven respiration (P \ 0.05) and a tendency towards higher uncoupled respiration (P = 0.06), but this effect was not different between genotypes (Fig. 2b ). With none of the fatty acid substrates, an effect of etomoxir, genotype or genotype 9 etomoxir interaction on leak (state 4o) respiration upon addition of oligomycin (which inhibits ATP synthesis) was detected. ADP-driven respiration in isolated mitochondria, using pyruvate as a glycolytic-derived substrate, was not affected by etomoxir or genotype and no interaction effect was observed ( Taken together, our data do not support a role for UCP3 in the preservation of skm mitochondrial function under lipid-challenged conditions
Sudden cardiac arrest in UCP3
-/-mice upon lipid challenge Interestingly, during our initial experiments focused on skm metabolism, we observed that 6 out of 24 UCP3
-/-mice died during the first days of etomoxir, an effect that we did not observe in WT mice (Fig. 3) . Therefore, we expanded the number of animals to further investigate underlying mechanisms in the heart. We investigated if intracardiomyocellular lipotoxicity, cell death, alterations in mitochondrial oxidative capacity, left ventricular systolic and diastolic function, or arrhythmias could possibly explain the mortality seen in the UCP3 -/-mice. WT and UCP3 -/-mice were maintained on a high-fat diet for a period of 2 weeks. During the last 8 days of the dietary intervention, mice received either saline or etomoxir by daily i.p. injections. All saline-treated animals survived the complete intervention period, whereas 2 out of 19 WT mice and 6 out of 24 UCP3
-/-died upon etomoxir treatment the heart of the WT animals ( Fig. 4a , P \ 0.05), whereas no UCP3 was detected in UCP3 -/-mice. We were able to collect tissue from one of the two WT mice that died upon etomoxir, and interestingly cardiac UCP3 protein content in this etomoxir-treated mouse was very low (*sevenfold reduction compared with average cardiac UCP3 protein content in the WT group, data not shown). This might suggest that cardiac UCP3 has beneficial effects on survival rate under lipid-challenged conditions. We previously showed that high levels of UCP3 can protect against ageinduced increases in ROS production [23] and the redox balance is known to play an important role in cardioprotection [25, 41] . Therefore, we investigated whether the increased mortality in UCP3 -/-mice upon etomoxir treatment could be due to cardiac lipotoxicity. However, in contrast to skm, inhibition of CPT1 by etomoxir resulted in a *fourfold lowering of lipid content in the heart (Fig. 4b , P \ 0.01), independent of genotype. No genotype, etomoxir or genotype 9 etomoxir interaction effects were found for the amount of cardiac HNE lipid peroxidation products (Fig. 5e ), indicating no difference in oxidative damage between UCP3
-/-mice compared with their WT littermates. Additionally, we found that etomoxir decreased the percentage of caspase-3 positive nuclei ( Fig. 4c , P \ 0.01), suggesting less apoptosis in the hearts of etomoxir-treated animals independent of the genotype. No signs of fibrosis were found as Sirius red staining did not show any abnormalities (data not shown). Ki-67 positive intracardiac cell number was elevated upon etomoxir treatment ( Fig. 4d , P \ 0.001) indicating increased cell proliferation, but again no genotype or genotype 9 etomoxir interaction effect was observed. These data indicate that neither cardiac lipid content, apoptosis, fibrosis nor impaired cell proliferation could directly explain the increased mortality in the HF diet-fed UCP3 -/-animals upon etomoxir treatment. P \ 0.001), leak (state 4o) (29 %, P \ 0.05), and uncoupled (state U) (74 %, P \ 0.001) mitochondrial respiration upon etomoxir in the presence of palmitoyl-CoA ? carnitine (Fig. 5a ), i.e., requiring CPT1. This reduction in mitochondrial respiration upon etomoxir was irrespective of the genotype, implying that UCP3 does not play a key role in fatty acid oxidation in cardiac mitochondria. Of note, in agreement with previous data [27, 31] , we showed that IMF mitochondria exhibit higher respiratory rates compared with SS mitochondria. We could not detect an etomoxir effect in the SS mitochondrial fractions (Fig. 5b) . In contrast, upon a glycolytic-derived substrate, pyruvate, etomoxir resulted in 58 % higher oxygen consumption in state 3 (P = 0.01) and 51 % increased uncoupled respiration (P \ 0.01) of SS mitochondria, without any effect in IMF mitochondria (Fig. 5c, d ). Most important, however, again no genotype or genotype 9 etomoxir interaction was found.
Overall, our data confirm that etomoxir indeed induces an inhibition of cardiac mitochondrial fat oxidation. However, because the level of inhibition was similar between the mice with and without UCP3, the increased mortality in the UCP3 -/-mice could not be explained by a lower intrinsic cardiac mitochondrial oxidative capacity.
Cardiac function and remodeling
We next determined if lack of UCP3 under lipid-challenged conditions affects cardiac function and morphology. To this end, transthoracic echocardiography was performed in a subset of both WT and UCP3 -/-mice. Analysis of echocardiography data (Table 4 supplemental) revealed no significant effect of etomoxir on left ventricle systolic function, assessed by fractional shortening (Fig. 6a) in WT or in UCP3 -/-mice. In line with the data on systolic function, no difference in diastolic function, assessed by E/A ratio (Fig. 6b) , was found between the groups.
Data on left ventricular mass (P = 0.01; Fig. 6c ) as well as H&E staining of cardiac tissue (Fig. 6d) showed that the etomoxir intervention induced hypertrophy in both WT and UCP3 -/-mice. This result implies that UCP3 does not protect against cardiac hypertrophy under lipid-challenged conditions induced by a HF diet combined with etomoxir. explain the increased prevalence of sudden death in UCP3 -/-mice, we tested if UCP3 deficiency under lipidchallenged conditions results in electrophysiological abnormalities. Therefore, we recorded surface ECG in anesthetized animals 1 hour after etomoxir injection. We found that UCP3 -/-animals exhibited significantly longer QRS intervals than WT mice (Fig. 7a-c) . Furthermore, QTc intervals were significantly prolonged in UCP3 -/-mice when compared with WT (Fig. 7d) . No other electrical parameters recorded were different between the two groups ( Table 5 supplemental). These data suggest that ablation of UCP3 results in delayed ventricular conduction and prolonged repolarization, both of which could promote arrhythmogenesis and sudden cardiac death. Given that a prolonged QT interval creates a predisposition to arrhythmias, we hypothesized that UCP3 -/-mice are more susceptible to ventricular tachycardia (VT). To investigate this, we performed in vivo intracardiac electrophysiology studies, during which a catheter was inserted into the right ventricle via the right jugular vein. Programmed electrical stimulation (PES) was performed to determine arrhythmia susceptibility in WT and UCP3 -/-mice. Double extrastimuli pacing induced reproducible sustained VT in 60 % of UCP3 -/-mice compared with 22 % of WT mice (Fig. 8a) .
PES was repeated after administration of the betaadrenergic receptor agonist isoproterenol. While 75 % of UCP3 -/-mice died following pacing (63 % VT/VF; 12 % AVB), only 14 % of the WT mice died (P = 0.04; Fig. 8b) . One UCP3 -/-mouse experienced spontaneous VT within five minutes of injection that deteriorated into ventricular fibrillation (VF) and lasted for over 1 min. This arrhythmia episode eventually resulted in asystole (Fig. 8c) , which suggests that UCP3 deficiency coupled with etomoxir and stress is sufficient to provoke sudden death.
Discussion
Mitochondrial uncoupling proteins are involved in the regulation of proton leak over the inner mitochondrial membrane. As such, the best-described uncoupling protein-UCP1-is able to dissipate energy as heat by increasing proton leak, a mechanism that is crucial for its function in thermoregulation in brown adipose tissue. In 1997, several homologues of UCP1 were identified, of which UCP3 is mainly expressed in skm and heart. So far, the exact physiological function of UCP3 has not yet been revealed, but is suggested to be involved in protection of mitochondrial function, particularly under lipidchallenged conditions [26] . To elucidate the role of UCP3, we here examined the effect of UCP3 ablation in a condition in which the dysbalance between the availability of fatty acids and the fatty acid oxidative capacity is maximized. For this, we subjected UCP3 -/-animals to a HF diet and combined this with the administration of etomoxir to inhibit fat oxidation. Of note, both etomoxir and HF diet feeding have been shown to substantially upregulate UCP3 levels [10, 35, 36, 46] . We here report that lack of UCP3 did not identify a significant role for skm UCP3 in protection against lipid-induced mitochondrial dysfunction. However, UCP3 seemed to be crucial for the heart under lipid-challenged conditions as we demonstrated an increased susceptibility to arrhythmias in UCP3 -/-mice, and an increased risk for sudden cardiac death.
Absence of UCP3 does not affect skeletal muscle lipotoxicity
To elucidate the role of UCP3 during lipid-challenged conditions, we investigated the effect of etomoxir treatment combined with HF diet feeding on skm energy metabolism in UCP3
-/-and WT mice. As anticipated, the etomoxir intervention resulted in increased skm lipid accumulation (fourfold) and a reduction in fat oxidative capacity, without a genotype effect. This data complements a previous study in which we observed that the absence of UCP3 did not alter mitochondrial function upon acute ex vivo exposure of isolated skm mitochondria to palmitate [24] . Based on these previous results, we hypothesized that longer-term ablation of UCP3 might reveal its role in the prevention of lipotoxicity. So far, many hypotheses about the function of UCP3 suggest mitochondrial protection against lipid-induced stress; e.g., protection against lipotoxicity and oxidative damage via control of reactive oxygen species production [3] , or via fatty acid anion transport [37] . However, our results do not support an important beneficial role for skm UCP3 in the protection against skm lipotoxicity. During our experiments on skm metabolism, we did, however, observe that 25 % of mice lacking UCP3 died shortly after etomoxir administration. This suggests that UCP3 may be more important in the prevention of cardiac lipotoxicity. Indeed, previous studies showed altered cardiac UCP3 expression levels in response to metabolic stress in the heart [22, 29] , further supporting our hypothesis.
Lack of UCP3 does not affect cardiac mitochondrial respiratory capacity Preservation of mitochondrial function and structural integrity has been postulated to be essential for cardioprotection [32, 48] . Therefore, to elucidate the role of UCP3 on cardiac metabolism under lipid-challenged conditions, we performed a detailed analysis of cardiac mitochondrial respiratory capacity in UCP3
-/-and WT mice. As for skm, we confirmed etomoxir administration in mice to be effective as was shown by a *60 % decline in cardiac mitochondrial respiration upon a separate addition of palmitoyl-CoA and carnitine substrates, in the IMF fraction. Cardiac SS mitochondria showed no etomoxirinduced inhibition of palmitoyl-CoA plus carnitine fuelled mitochondrial respiration. Greater rates of fatty acid oxidation, as well as higher enzymatic activity of CPT1, have previously been shown in rat cardiac IMF mitochondria, compared with SS mitochondria [12] and could explain the observed fractional differences. Etomoxir treatment also led to *60 % higher respiratory capacity upon pyruvate, but only in SS mitochondria suggesting that respiration in SS mitochondria might be able to compensate for the decreased fatty acid respiratory capacity [20, 30] . Most important, however, no genotype differences were observed illustrating that lack of UCP3 does not affect cardiac mitochondrial respiratory capacity, neither on fatty acid-nor on glycolytic-derived substrates. Moreover, as we observed higher mortality rates in UCP3
-/-mice, our data imply that cardiac mitochondrial dysfunction is not the main mechanism contributing to sudden cardiac death in these animals.
Lack of UCP3 does not affect cardiac lipotoxicity or cell death Interestingly, in contrast to our findings in skm, cardiac lipid content was decreased rather than increased upon etomoxir. Possibly, CPT1b is not the major rate-controlling site in total cardiac long chain fatty acid flux [17] . Again, the etomoxir effect on cardiac lipid content was independent of the genotype, illustrating that UCP3 does not seem to affect lipid accumulation in the heart. In line with this, lack of UCP3 in cardiac muscle did not affect the accumulation of lipid peroxidation products, a marker of oxidative stress. Also markers for apoptosis, fibrosis or proliferation of connective tissue were not altered in UCP3
-/-mice. Based on these data, we conclude that cardiac lipotoxicity was not the cause for the sudden death in the etomoxir-treated UCP3 -/-mice.
Effect of UCP3 on cardiac functional and electrophysiological characteristics
Since no increased signs of lipotoxicity or decreased mitochondrial respiratory capacity could be detected in cardiac tissue of UCP3 -/-mice treated with etomoxir, we applied echocardiography in WT and UCP3 -/-mice on a HF diet with etomoxir. Although these experiments confirmed higher mortality in UCP3
-/-mice, we could not detect morphological or functional differences in systolic or diastolic cardiac function that could explain the sudden cardiac death in these animals.
Cardiac arrhythmias represent a major complication associated with diabetes and they can lead to sudden cardiac death [1, 7] . Interestingly, it was recently demonstrated that UCP3 expression is required to prevent ischemia reperfusion arrhythmias in addition to preventing contractile dysfunction [26] . This data implies a protective role for UCP3 against cardiac arrhythmias. Although in the present study no systolic or diastolic functional defects were detected, we explored the possibility whether lack of UCP3 could influence the electrophysiological characteristics of the heart after a lipid challenge. We recorded surface ECGs and found prolonged QTc and QRS intervals in UCP3
-/-compared with WT mice. QT prolongation has been indicated as an accurate predictor of increased mortality in diabetes patients [14, 45] and is also more frequently reported in obesity [28] . Our data show that upon lipid challenge, mice lacking UCP3 have an enlarged time interval that is required for completing myocardial depolarization and repolarization. This suggests these mice have an increased susceptibility to arrhythmias, most likely due to (extensive) cardiac remodeling associated with changes in repolarizing currents. Indeed, programmed electrical stimulation experiments supported this theory, as double extrastimuli pacing induced sustained ventricular tachycardia in 60 % of UCP3 -/-mice compared with 22 % of WT mice. Nevertheless, it remains to be confirmed that the spontaneous sudden death events were caused by cardiac arrest.
To our knowledge, the present study is the first in vivo study that demonstrates the importance of UCP3 in preventing arrhythmias under lipid-challenged conditions. Diabetes patients are at significantly higher risk of developing cardiomyopathy and heart failure compared with non-diabetics. Although the exact pathogenesis of diabetic cardiomyopathy is still poorly understood, alterations in lipid metabolism have been suggested to be an important mediator [43] . In this context, patients and genetically altered mice with defects in fat metabolism, i.e., infants with very long chain acyl-CoA dehydrogenase (VLCAD) deficiency [39] and VLCAD null mice [47] have been characterized by prolonged QT intervals, ventricular tachycardia or fatal arrhythmias similar to the etomoxiradministered UCP3
-/-mice. In VLCAD null mice, abnormal Ca 2? handling is suggested as a possible molecular mechanism of arrhythmias [47] . Given recent hypotheses on a role for UCP3 in cellular Ca 2? handling [6, 8] , it is tempting to speculate that modulation of repolarization in the UCP3 -/-mice results from an attempt of cardiomyocytes to maintain Ca 2? homeostasis. Indeed, enhanced SR Ca leak has been shown to promote arrhythmias in other mutant mouse models [44] .
Although human data on UCP3 levels in cardiac tissue are limited, UCP3 protein levels are markedly reduced in skm of type 2 diabetes patients [13, 34] . Our present study demonstrates a clear link between disturbed fat metabolism, UCP3 protein levels, and the incidence of cardiomyopathies and sudden death. Future studies should examine if cardiac UCP3 protein levels are low in (diabetes) patients who died from sudden cardiac death. Hence, UCP3 might be a novel therapeutic target for diabetic cardiomyopathy.
In conclusion, our findings indicate that even under severe in vivo lipid-challenged conditions, skm UCP3 does not play a major role in the preservation of skm energy metabolism. Our data in the heart, however, suggest that UCP3 may be crucial in protection against the development of arrhythmias and hence sudden cardiac death. Particularly in light of metabolic diseases like obesity, diabetes and heart failure, it will be interesting to further explore the impact of UCP3 in humans in prevention of arrhythmias under cardiac stress conditions.
